We perform local or microrheological measurements on microtubule solutions, as well as composite networks. The viscoelastic properties of microtubules as reported from two-point microrheology agree with the macroscopic measurement at high frequencies, but appear to show a discrepancy at low frequencies, at time scales on the order of a second. A composite of filamentous actin (F-actin) and microtubules has viscoelastic behavior between that of F-actin and pure microtubules. We further show that the Poisson ratio of the composite, measured by the length-scale dependent two-point microrheology, is robustly smaller than that of the F-actin network at time scales > 1 s, suggesting that a local compressibility is conferred by the addition of microtubules to the F-actin network. DOI: 10.1103/PhysRevLett.102.188303 PACS numbers: 83.80.Lz, 83.60.Bc, 87.15.La, 87.16.Ka The mechanics of living cells is determined by the mechanical behavior of the composite cytoskeleton of actin filaments, intermediate filaments, and microtubules, along with associated proteins that can bundle or crosslink each type of filament, transport cargo along them, and control their length via polymerization dynamics. A question of intense interest is how the cytoskeleton transduces tensile and compressive forces generated by the motors and polymerizing machines to perform fundamental cell functions such as cell motility and cell division.
The mechanics of living cells is determined by the mechanical behavior of the composite cytoskeleton of actin filaments, intermediate filaments, and microtubules, along with associated proteins that can bundle or crosslink each type of filament, transport cargo along them, and control their length via polymerization dynamics. A question of intense interest is how the cytoskeleton transduces tensile and compressive forces generated by the motors and polymerizing machines to perform fundamental cell functions such as cell motility and cell division.
Because the cell is highly dynamic and heterogeneous, determining its mechanical properties is challenging. The overall stiffness of the cell has been measured using a variety of methods in vivo [1] . A bottom-up in vitro approach involving individual reconstituted actin filaments in a controlled environment, where filament length and applied external stress (to mimic internal forces) may be tuned, has been used to construct a minimal model for cell mechanics whose nonlinear viscoeleastic response can reproduce the stiffness of cells [2] [3] [4] .
The contributions of microtubules and intermediate filaments to cell mechanics are missing from this picture. While different modes of regulatory and structural interactions between actin-based motor proteins and both microtubules and microtubule-based motor proteins have been proposed [5] , intriguingly, it has been shown that the different filament types influence each other by virtue of their presence through their respective viscoelastic responses [6] . Actin filaments are a prototypical example of semiflexible polymers, and entangled, uncrosslinked actin filaments have been shown to follow the wormlike-chain model [2, 3, 7] . Microtubules are the stiffest elements in cells. Their fluctuations, although much smaller than those of actin filaments, are important for deployment of polymerization forces and for the search and capture mechanism used to position the mitotic spindle [8] . They have a persistence length of a few mm [9] , and in solution might be expected to behave as rigid rods. Macroscopic linear rheology of microtubule solutions has shown an elastic plateau modulus of $1 Pa, with a weak frequency dependence and no terminal relaxation over a frequency range extending as low as ! ¼ 6:3 Â 10 À3 rad=s [10] . This behavior does not conform to existing theory of rotational motion of rods often used to fit these experiments [11] . A more detailed description, which contains an improved theory of the reorientational events [12] , shows that the effective times scales are considerably slower than originally predicted. Nevertheless, the elastic modulus reported by the bulk experiments is at least an order of magnitude higher than expected from a plateau modulus of entropic origin arising from rigid rod number density, or from entanglements of microtubules behaving as semiflexible polymers. Surprisingly, to date there have been no attempts to use local probes of viscoelasticity in vitro in microtubule solutions. One significant challenge is that for the magnitude of elastic modulus and the 1:5 m mesh size the solutions exhibit, the fluctuations probed by the beads would be expected to be sufficiently small that the crosscorrelated bead motions would be at or below the limit of the uncertainty in the measurement attainable by previous microrheology experiments.
In this Letter, we use one-point (1P) and two-point (2P) microrheology to probe the mechanical properties of microtubule solutions and a composite network of microtubules and filamentous actin (F-actin). Linear viscoelastic behavior can be quantified by the complex shear modulus G Ã , separable into elastic and viscous moduli, G Ã ð!Þ ¼ G 0 ð!Þ þ iG 00 ð!Þ. The method of passive microrheology employs the thermalized dynamics of micron-sized tracer beads to extract G Ã ð!Þ [13] . The use of the autocorrelated motion of many individual beads to obtain G Ã ð!Þ is an effective probe of local dynamics in homogeneous systems. Pairwise correlated motions can also be used to extract G Ã ð!Þ with a probed length scale on the order of 5-100 m, intermediate between those of the bead radius a and the macroscopic experiment. The relaxations probed by microrheology depend on the nature of the bead coupling to the thermal fluctuations, and this can be exploited to use the 1P and 2P methods to probe length-dependent effects [2, 3] . We exploit it here to observe and investigate an apparent relaxation during the experimental window that is not probed by the bulk rheology, and to investigate the mechanical properties of a model composite cytoskeleton at length scales relevant for the cell.
Preparations of the microtubule and F-actinmicrotubule composite networks and beads are described in [14] . Example fluorescence images of a typical MT solution and composite network are shown in Figs. 1(a) and 1(b). Polystyrene particles are pretreated [15] and chosen to have diameters larger than the material mesh size, to approximate a microscopic continuum condition. Particles of radius a ¼ 0:95 m are used for MT solutions and composite networks, and a ¼ 0:5 m for F-actin.
Following equilibration, the sample is imaged in bright field with an inverted microscope (objective: 63X; NA ¼ 1:4, oil), at $40 m depth so that wall effects may be neglected. To image particle motions, 6000 frames are acquired at 16 frames= sec and 1 ms exposure time. Particle positions are identified through feature finding algorithms to better than 20 nm resolution and their trajectories determined [16] to calculate the ensemble averaged mean squared displacement (MSD), hÁr 2 ðÞi. Overall center of mass motion of all the particles in each field of view is removed. All analysis is performed in MATLAB.
Using the generalized Stokes-Einstein relation (GSER), we interpret MSDs to obtain a good approximation of the viscoelasticity probed by 1P microrheology. The scaled MSD for MTs shown in Fig. 1(c) evolves as a Newtonian fluid at short times, and reaches a plateau at intermediate times. The corresponding 1P apparent moduli [ Fig. 1(d) ] show elastic plateau behavior at intermediate frequencies with magnitude 0.1 Pa, an order of magnitude lower than that measured by macroscopic rheology, and crossover to viscous behavior at high frequency. The MT solution displays 1P apparent moduli qualitatively similar to those we observe for F-actin at 1:0 mg=mL, analyzed for comparison.
We probe microscopic length scales larger than a using 2P microrheology. We calculate the tensor of pairwise cross-correlated bead displacements as a function of separation r and lag time , and the component in the direction of bead separation, D rr ðr; Þ, is used to extract G Ã ð!Þ [13] . For correlated long wavelength thermal fluctuations in a homogeneous medium, D rr $ 1=r [13] , and rD rr ðÞ is used in the GSER to extract the approximate viscoelastic modulus. The range of r over which D rr $ 1=r is typically 10-50 m. We are able to measure bead correlated motions as small as 1:7 Â 10 À5 m 2 , enabling sensitivity to the very small fluctuations of the MTs via the 2P method. We show the 2P dynamics in Fig. 2(a) . The MTs solution shows dramatically different behavior from the 1P microrheology, with rD rr ðÞ evolving as an elastic solid at short times, crossing over to evolution resembling a relaxation at long times. Although rD rr ðÞ is much noisier for the MTs 
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188303-2 than for the F-actin (already inherently noisy), the data are robust, as demonstrated in the inset of Fig. 2(b) . The 2P microrheology is shown in Fig. 2(b) . The high frequency plateau apparent elastic modulus for MTs, at $2 Pa at 10 rad=s, is larger than that of F-actin, and exhibits a sharp crossover to predominantly viscous behavior at low frequencies that is not observed in the F-actin. The actin 2P microrheology scales with a power-law between 1=2 and 3=4 for < 1 s, in agreement with earlier results [2, 13] . Our MT system could differ, for example, in degree of polymerization, from prior macrorheology studies [10] ; however, the magnitude of G 0 inferred from 2P microrheology is comparable to what is reported there.
In unlabeled MT solutions, we find this relaxation occurs at even higher frequency. In this case, at the smallest separations probed, D rr ðrÞ decays faster than the expected 1=r. To determine whether this is the source of the relaxation observed at the 2P length scale that is not reported in the bulk rheology, we bin the D rr ðr; Þ signal at finer resolution in r. The results for ¼ 0:063 s and 0.25 s, shown in Fig. 3 , display the faster decay of D rr ðrÞ at short r, and the limit of the uncertainty in the measurement at large r. We naturally ask whether the faster-than-1=r decay is a propagating mode. A propagating and diffusive mode should appear at larger r at a rate scaling as t 1=2 . In the inset of Fig. 3 , the crossover distance r c between the faster decay and the region of 1=r behavior is shown to depend weakly or not at all on . The anomalous correlations do not appear to be a propagating mode, at least not beyond $15 m, and are not the source of the relaxation observed in the 2P microscopic rheology. We can extract rD rr robustly for each directly by fitting only to the 1=r regime at intermediate r. The points thus obtained are shown as diamonds in Fig. 2(a) . At the shortest time probed, the bead correlated motions are larger than those in labeled MTs, although the difference is within the sample-to-sample variation. As rD rr ðÞ evolves, the onset of relaxation is faster in this case where the beads couple less efficiently to the MTs. However, our 2P microrheology results for both MT systems differ at low frequency from prior reports of macrorheology [10] , suggesting a real discrepancy between the microscopic and macroscopic rheology.
Since we observe this relaxation in the 2P microrheology on length scales relevant for the cell environment, we investigate whether we might expect it to be directly relevant to cells. To do this, we analyze a composite sample prepared with both MTs and F-actin. In the composite network, D rr ðrÞ does not exhibit the decay faster than 1=r at short r, as shown in Fig. 4 . Instead, D rr ðrÞ for both the composite and F-actin sample, also shown in Fig. 4 , shows remarkably robust 1=r behavior over the entire range of lengths probed.
We also compare the 1P and 2P microrheology of the composite with the microrheology of F-actin and MT solutions. At the length scale of the individual beads probed by the 1P microrheology, shown in Fig. 1 , the composite appears very similar mechanically to F-actin. This might be expected for the smaller F-actin mesh size of $0:3 m [2], and, by extension, closer coupling between the beads and the actin filaments. At the length-scale of the bead separation probed by the 2P technique, shown in Fig. 2 , the mechanical behavior of the composite is qualitatively different from that of MTs. The composite does not exhibit the sharp relaxation, although, interestingly, the apparent modulus at high frequency is approximately the same. The composite apparent modulus is more dominantly elastic and is larger in magnitude by roughly an order of magnitude over that of F-actin, and if the decay may be viewed as tending towards agreement with the 1P modulus at low frequencies, as is observed in F-actin, the time scale for the decay is a factor of 10-30 longer. In cells, the presence of surrounding F-actin has been shown to reduce the length scale for transverse fluctuations of MTs [6] . It is therefore interesting to ask whether the presence of MTs modulates actin filament fluctuations. In pure F-actin at this concentration, the difference between the 1P and 2P rheology, and the convergence of the two at low frequency, was explained by a model for semiflexible polymers in which density fluctuations decay diffusively along the filament the distance of the persistence length l p ; this relaxation is probed by both the macroscopic and 2P microscopic rheology [2] . In that model, the time scale for density fluctuations to diffuse l p is p % ðl p =l e Þ 2 e [7, 17] , where l e and e are the entanglement length and time, respectively. For the time scale to increase by more than a decade would require either a decrease in l e by a factor of 3-5 from pure F-actin, by which a tenfold increase in the 1P modulus would be expected [18] compared to the twofold increase observed, or greater persistence in the actin filament transverse fluctuations within the surrounding MTs. However, in the model the time scales for decay are only scaling predictions to within a numerical prefactor that could differ significantly from unity, and more direct tests are needed.
The ratio between the pairwise in-phase perpendicular and parallel cross correlated motions D ðr; Þ and D rr ðr; Þ depends on the Poisson ratio [19] . The data for D ðr; Þ and D rr ðr; Þ are remarkably robust in both F-actin and the composite network, and permit measurement of at each , shown in Fig. 4 . We find that for F-actin, ' 1=2, as reported previously [2] . By contrast, in the composite network, is unambiguously less than 1=2 at longer times, and is closer to 0.3. At a macroscopic, continuum level, a solution such as this is not expected to be compressible. Given the stiffness and length of MTs, the deviation from 1=2 of upon the addition of MTs to F-actin suggests interpretation of Fig. 4 in terms of a local compressibility for the composite network. That this can appear in the length-scale dependent microscopic rheology at the tens of m range may be interesting and relevant for the cytoskeleton.
We have used microrheology to probe biologically relevant length scales of a few tens of m on time scales of seconds in MT solutions and composite networks of F-actin and MTs. We have shown that probing the MTs system on these length scales reveals local relaxations not reflected in the macrorheology. The addition of F-actin to the MT solution enhances the coupling of the beads to the material, and the very robust data that may then be obtained reveals intriguing differences in the material properties of the composite from either MTs or F-actin. This work establishes a starting point for microrheology on composites of cytoskeletal filaments, and we anticipate applying this technique to composites with added MT polymerizing machines and motors, agents that change the filament dynamics, to measure the cytoskeleton mechanics during these important cellular transitions.
